The open-circuit voltage of organic solar cells from 605 to 858 mV based on subphthalocyanines and C 60 by adding a hole transporting layer e.g., poly (3,4-ethylenedioxy-thiophene), poly(styrenesulfonate) between the anode and SubPc. Meanwhile, the fill factor and short-circuit current were also optimized resulting in a grate enhancement in power conversion efficiency from 0.65% to 1.4%. Based on the optical transfer matrix theory and resistance study at short-circuit conditions R Jsc , the influences of build-in potential, hole injecting barrier on photovoltaic properties have been discussed.
Introduction
Organic solar cells (OSCs) are presenting their potential applications in low cost fabrication, lightweight, flexible, semitransparent and large-area devices. [1] , [2] Nowadays, researchers have concentrated their efforts on improving the limited open-circuit voltage (VOC) about 0.6 V based on polymer bulk heterojunction e.g., poly-3-hexylthiophene (P3HT): [6, 6] -phenyl C61-butyric acid methyl ester (PCBM) and 0.5 V based on copper phthalocyanine (CuPc): fullerene (C60). [3] - [6] Generally, three effective means to enhance VOC should maintain a high short-circuit current (JSC) and fill factor (FF) at the same time. Firstly, low work function metallic alloy of Ca/Al or Ba/Al has been used as a cathode rather than single Ag, Au or Al film to remarkably improve VOC and FF. [7] , [8] Secondly, a thin layer ~2 to 4 nm CuPc, phosphor (t-bt)2Ir(acac) or fluorescent dye rubrene was inserted into pentacene and C60 interface forming a multi-charge separation interface to natively improve maximum VOC. [9] - [11] Thirdly, novel materials have been synthesized e.g., electron donor subphthalocyanines (SubPc) with a low highest occupied molecular orbital (HOMO) level 5.6 eV, [12] poly[N-9"-hepta-decanyl-2, 7-carbazole-alt-5,5-(4′-7′-di-2-thienyl-2′,1′,3′-benzothiadiazole) with a HOMO 5.5 eV, [13] and electron acceptor (A) Lu3N@C80-PCBH with high lowest unoccupied molecular orbital (LUMO) 4.0 eV. [14] When donor material with a low HOMO level e.g., SubPc is adopted in an OSC, two crucial aspects require to be intensely studied. Firstly, to further enhance JSC~5 mA/cm2 [12] , [15] , the thickness of SubPc film should be optimized or a planar-mixed heterojunction structure could be adopted as well. Secondly, the relative high hole injecting barrier (HIB) ~0.7 eV between indium-tin-oxide (ITO) anode and HOMO level of SubPc need be overcome to realize a high VOC and FF.
Herein, the hole injection condition between ITO and SubPc were optimized by adopting hole injecting material with higher work function than ITO anode. The relationship of enhanced VOC and build-in potential energy (EBI =|Ecathode−Eanode|) in the device was discussed. Moreover, the optical distribution in the organic films was simulated based on optical transfer matrix theory. Moreover, dynamic resistances at the open-circuit (OC) condition and short-circuit (SC) condition were extracted to directly analyses energy bending, bulk charge density and carrier collection.
Experimental
The chemical structure of active materials SubPc and C60, and energy band diagram of OSCs with a anode buffer layer (ABL) poly(3,4-ethylenedioxy-thiophene) poly (styrenesul-fonate) (PEDOT:PSS) is shown in Fig. 1 . SubPc and C60 from Lum-Tech Lighting were used as received. The indium-tin-oxide (ITO) coated substrate was treated by oxygen plasma to enhance work function 4.8 eV with a sheet resistance of 8 Ω/sq. [16] SubPc and C60 were deposited successively at a temperature 180 and 320˚C with a rate of 0.3~0.8 Å/s at a pressure of 4×10-6 Torr or lower. 4,7-diphenyl-1,10-phenanthroline (BPhen) served as a hole and exciton blocking layer. [17] PEDOT:PSS film was spin-casted at 3000 rpm for 60s and another thermal annealing step was performed at 150˚C for 10 min. Silver cathode were deposited at a rate of 0. 
Results and Discussion
The current density (J) -voltage (V) curves of OSCs with a device structure of ITO/PEDOT:PSS/SubPc(13 nm)/C60 (40 nm)/BPhen (10 nm)/Ag (130 nm) are shown in Fig. 2 , and the photovoltaic performances are summarized in Table 1 . The standard device without an ABL has a VOC about 605 mV, JSC about 3.28 mA/cm2 and PCE about 0.64 %. When a 22 nm PEDOT:PSS is spincoated onto the ITO anode, the VOC of the OSC is obviously improved to 858 mV with a gain rate 37%. Meanwhile, JSC is improved to 4.23 mA/cm2. The fill factor (FF) is slightly increased from 32.6% to 38.6%, leading to a 100% enhancement on PCE from 0.65% to 1.4%. To investigate the influence of PEDOT:PSS on the photovoltaic performances, analysis based on energy levels of organic materials and work functions of electrodes would be carried out to explain the improvement in VOC. Firstly, ITO anode has a relatively high work function about 4.7~4.9 eV. This value would be enough for some kinds of donor materials, e.g., CuPc and Pentacene due to their HOMO level about 5.2 and 5.0 eV respectively. However, the work function of ITO is too high to match the low HOMO material e.g., SubPc about 5.4 eV, leading to a relatively high HIB ~0.7 eV and low EBI~0.6 eV between the ITO and Ag, which is much lower than the energy offset EDA=1.3 eV between HOMO of SubPc and LUMO of C60 and would obviously limit the VOC. [18] A low EBI and high HIB will result in a lower Fermi energy level in SubPc film, a non-ohmic metal-organic contact and a large contact-resistance. The charge carriers at the D/A interface would encounter a small energy barrier and accumulate there leading to a high charge recombination. [19] When the ABL PEDOT:PSS is adopted, the VOC is scientifically improved by 0.25 V, which almost equals to the energy offset between ITO and PEDOT:PSS. This phenomenon indicates that VOC of OSC keeps a near linear relationship with EBI before reaching the theory maximum value Vmax limited by |HOMOD-LUMOA| -0.3 eV.
To investigate the influence of PEDOT:PSS on photovoltaic current performances of OSCs, the light absorption properties of OSCs should be firstly analyzed. The wavelength dependent complex indices of refractions N(λ)=n(λ)+ik(λ) of ITO, SubPc and C60 etc. were measured by spectrometric ellipsometry (SE-85). Then, based on the optical transfer matrix theory, the electric field distribution of incident light in organic films can be determined. [19] The electric field distribution |Ej(x)|2/|E0|2 of both OSCs with and without an ABL were shown in Fig. 3 at the maximum absorption wavelength λ=586 nm of SubPc. Although the PEDOT:PSS may absorb part of light, the optical densities of OSC with a PEDOT:PSS layer are slightly higher than that of OSC without an ABL due to the interference effect of organic films. And this effect also results in an enhancement in light absorption efficiency ηA. When the exciton diffusion lengths of SubPc and C60 were adopted as 10 and 40 nm respectively, the exciton diffusion efficiency ηED of OSCs can be calculated based on the continuum steady state exciton. From simulated ηAηED efficiency in Fig. 4 , the ηAηED around 450 nm has been red-shifting, and a slight gain inηAηED was also obtained. Thus, the improved JSC has a close relationship with carrier collection efficiency. And the improved charge collection efficiency is due to the decreased Fermi level in SubPc film and better organic-metallic contact.
Besides the series resistance and parallel resistance, another resistance RJsc=489 Ω⋅cm2 at the short-circuit condition (SCC) of device with a ABL PEDOT:PSS is much higher than the RJsc=374 Ω⋅cm2 of OSC without an ABL. [19] As well known, the only driving force at the SCC for carrier transporting to the electrodes are charge density gradient in the bulk and contact. A higher RJsc means the lower charge density in the bulk and contact, which benefits for carrier diffusion generated by exciton dissociation at DA interface to the electrodes leading to higher carrier collection efficiency. Also, a higher RJsc presents a more flat J-V curve at the SCC. 
Conclusion
As a conclusion, by adding a high work function ABL PEDOT:PSS between the ITO anode and donor SubPc, the VOC can be effectively improved from 605 to 856 mV accompanying with enhanced JSC and PCE due to decreased HIB and enhanced EBI, leading to a maximum PCE=1.4%. By analyzing the energy diagrams of organic materials and work function of electrodes, a low EBI and high HIB have similar bad influences on J-V curve and photovoltaic parameters which directly limits the VOC. Based on the optical transfer matrix theory, the optical distribution and ηAηED efficiency is slightly enhanced by adopting ABL PEDOT:PSS. Moreover, the resistances RJsc at the SCC were studied to evaluate the carrier density and charge carrier collection efficiency.
